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(57) Abstract: 

PROBLEM TO BE SOLVED: To provide a carbon fiber having excellent strength 
developing properties as a composite material. 

SOLUTION: This carbon fiber has wrinkles in the longitudinal direction of the 
fiber. The maximum depth h (nm) of the wrinkles measured under an interatomic 
force microscope is 3<h<100 and the root mean square surface roughness Rms (nm) 
measured under the interatomic force microscope is 2<Rms<35. The value S of the 
ratio of the actual surface area to the projected area measured under the 
interatomic force microscope is 1.01<S<1.28. 
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Translation of JP-A-2003-73932 

Japanese Patent Laid-Open No. 2003-73932 

[Claims for the Patent] 
[Claim 1] 

A carbon fiber having wrinkles in the lengthwise direction thereof, wherein the 
maximum wrinkle depth h (nm) measured with an atomic force microscope satisfies the 
relation that 3 < h < 100, the root-mean-square surface roughness Rms (nm) measured 
with an atomic force microscope satisfies the relation that 2 < Rms < 35, and the ratio S 
of the real surface area to the projected area measured with an atomic force 
microscope satisfies the relation that 1.01 < S < 1.28. 
[Claim 2] 

The carbon fiber according to claim 1, wherein the Rms and S, and the total 
amount A (fxg equivalent/g) of the acidic groups, the amount B (jag equivalent/g) of the 
carboxyl group and the amount C (jig equivalent/g) of the hydroxy group per 1 g of the 
carbon fiber that are measured by neutralization titration satisfy the following relations: 
0 25 < A < 40, 1 5 < B < 30 and 1 0 < C < 30 with the proviso that 2 < Rms < 20 and 1 .01 
<S<1.10; 

ii) 15 < A < 30, 5 < B <20 and 5 < C < 15 with the proviso that 2 < Rms < 20 and 1.10 < 
S < 1 .28 or that 20 < Rms < 35 and 1 .01 < S < 1 .10; and 

Hi) 0.5 < A < 20, 0 < B < 10 and 0 < C < 10 with the proviso that 20 < Rms < 35 and 1.10 
<S<1.28. 

[Detailed Description of the Invention] 
[0001] 

[Field of the Invention] 

The present invention relates to a carbon fiber, in particular, a carbon fiber in 
which the surface configuration thereof is physically and chemically controlled. 
[0002] 

[Conventional Art] 
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Carbon fibers manufactured from acrylic fibers as precursors have hitherto been 
utilized in wide ranges as reinforcing fiber materials incorporated in high-performance 
composite materials for use in applications to aerospace, sports and leisure because 
such carbon fibers are excellent in mechanical properties. Further grade enhancement 
is also demanded for carbon fibers as the industrial applications thereof are increasingly 
being expanded. 
[0003] 

For the purpose of meeting this demand, it is necessary to control the surface 
configuration of the carbon fiber and to appropriately control the adhesiveness of the 
carbon fiber to the sizing agent and the matrix resin. 
[0004] 

The strength of a composite material is closely related to the surface state of the 
carbon fiber. In general, a carbon fiber having an extremely smooth surface is inferior 
in adhesiveness to resin, and cannot attain sufficient strength property when 
incorporated into a composite; on the other hand, a carbon fiber having large 
irregularities on the surface thereof attains good adhesiveness to resin, but too 
prominent irregularities lead to formation of surface defects and such a carbon fiber has 
a drawback that it is inferior in strength when incorporated into a composite. 
[0005] 

According to Japanese Patent Laid-Open No. 2000-160436, there is a description 
that a carbon fiber having a surface area ratio of 1.02 to 1.09 can make the strength and 
the adhesiveness to resin thereof be compatible with each other at a high level; 
however, no disclosure has been made on the chemical properties of the surface, in 
particular, on the amount of oxygen-containing functional groups related to the 
adhesiveness to the matrix resin. In other words, as matters stand now, there is no 
supply of a carbon fiber in which a physical configuration such as the irregularities of the 
surface of a carbon fiber and chemical properties are appropriately controlled for the 
purpose of attaining the strength of a composite material. Under such circumstances 
as background, strongly demanded is a carbon fiber excellent in attaining strength as a 
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composite material by controlling the physical and chemical configurations of the 

surface of a carbon fiber. 

[0006] 

[Problems to be Solved by the Invention] 

An object of the present invention is to provide a carbon fiber excellent in 
attaining strength as a composite material by controlling the physical and chemical 
configurations of the surface of the carbon fiber. 
[0007] 

[Means for Solving the Problems] 

An object of the present invention is to provide a carbon fiber excellent in 
adhesiveness to a sizing agent and in adhesiveness to a matrix resin by physically and 
chemically carrying out precise control of the surface state of the carbon fiber. 
[0008] 

The present invention is a carbon fiber having wrinkles in the lengthwise direction 
thereof, wherein the maximum wrinkle depth h (nm) measured with an atomic force 
microscope satisfies the relation that 3 < h < 100, the root-mean-square surface 
roughness Rms (nm) measured with an atomic force microscope satisfies the relation 
that 2 < Rms < 35, and the ratio S of the real surface area to the projected area 
measured with an atomic force microscope satisfies the relation that 1.01 < S < 1.28. 
[0009] 

It is preferred that the above described Rms and S, and the total amount A (yxg 
equivalent/g)of the acidic groups, the amount B (\ig equivalent/g) of the carboxyl group 
and the amount C (^g equivalent/g) of the hydroxy group per 1 g of the carbon fiber that 
are measured by neutralization titration satisfy the following relations: 

i) 25 < A < 40, 15 < B < 30 and 10 < C < 30 with the proviso that 2 < Rms < 20 and 1.01 
<S<1.10; 

ii) 15 < A < 30, 5 < B <20 and 5 < C < 15 with the proviso that 2 < Rms < 20 and 1.10 < 
S < 1.28 or that 20 < Rms < 35 and 1.01 < S < 1.10; and 

iii) 0.5 < A < 20, 0 < B < 10 and 0 < C < 10 with the proviso that 20 < Rms < 35 and 1.10 
<S< 1.28. 
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[0010] 

[Embodiments of the Invention] 

A carbon fiber the raw material of which is a polyacrylonitrile-based precursor 
manufactured by a wet or dry method generally has wrinkles in the fiber axis direction 
due to drawing. It has been known that such wrinkles can attain a good adhesiveness 
to resin when the carbon fiber is incorporated in a composite material. The present 
inventors have made a intense study on the maximum wrinkle depth in the axis direction 
and the adhesiveness to resin for carbon fiber, and consequently have found that the 
deeper is the maximum wrinkle depth, the better is the adhesiveness to resin. The 
maximum wrinkle depth as referred to herein means the depth of the deepest wrinkle of 
a large number of wrinkles. However, contrary, it has been revealed that when the 
maximum wrinkle depth is larger than 100 nm, the bundling property of the fiber bundle 
is degraded, and the performance of the composite is degraded due to the degradation 
of the through-passing ability after a firing step, and further, generation of fluff. 
Accordingly, the maximum depth of the wrinkles in the fiber axis direction of a carbon 
fiber is preferably 100 nm or less, more preferably 80 nm or less, and particularly 
preferably 70 nm or less. On the other hand, when the maximum wrinkle depth is too 
small, the adhesiveness to resin is degraded and sufficient strength cannot be obtained; 
Consequently, the effective wrinkle depth capable of providing good adhesiveness to 
resin is larger than 3 nm, preferably 10 nm or more and more preferably 15 nm or more. 
[0011] 

For the purpose of attaining the adhesiveness to resin, the ratio of the real 
surface area to the projected area is set to fall within a range of 1 .01 or more and less 
than 1 .28. When the S value is less than 1 .01 , the surface is perfectly smooth and the 
adhesiveness to resin is unsatisfactory. When the S value exceeds 1 .28, it becomes 
difficult to attain the compatibility between the strength and the adhesiveness to resin. 
From such a viewpoint, more preferably the S value is set to fall within a range of from 
1.01 or more to 1.27 or less. 
[0012] 
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Further, for the purpose of attaining a sufficient adhesiveness to resin, the 
root-mean-square surface roughness Rms is set to be 2 nm or more and 35 nm or less. 
When the root-mean-square surface roughness is less than 2 nm, the adhesiveness to 
resin is poor in forming a composite and no sufficient strength can be obtained. When 
the root-mean-square surface roughness is larger than 35 nm, the strength of the 
composite is degraded. 
[0013] 

The matters described above are the conditions to be imposed on the carbon 
fiber for the purpose of fabricating a high-quality composite irrespective as to what the 
chemical state of the surface of the carbon fiber is. On the other hand, an appropriate 
control of the surface irregularity, namely, the physical state and the chemical state of 
the surface of the carbon fiber permits a manufacturing of a further excellent composite. 
[0014] 

Among the functional groups present on the surface, conceivably there are 
several groups capable of contributing to the improvement of the performance of the 
composite. Specific examples of such groups may include acidic functional groups 
such as a carboxyl group and a phenolic hydroxy group; basic functional groups having 
a chromene-type structure or a pyrone-type structure; and neutral functional groups 
such as cyclic oxides. Among these, the acidic groups are particularly preferable 
because of particularly remarkable advantageous effects. Among such acidic groups, 
a carboxyl group and a hydroxy group most significantly affect the performance of the 
composite. 
[0015] 

Various functional groups have been introduced in surface treatments in 
conventional methods. However, in the present invention, the carboxyl group and the 
hydroxy group among these functional groups are independently controlled, and hence 
advantageous effects that have never been attained in conventional technique can be 
achieved. 
[0016] 
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As for the amounts of these acidic groups, it is preferable that the total amount A 
Oi equivalent/g) of the acidic groups satisfies 0.5 < A <, 40, the amount B (p 
equivalent/g) of the carboxyl group satisfies 0 < B < 30 and the amount C (u 
equivalent/g) of the hydroxy group satisfies 0 < C < 30, A, B and C being given in 
relation to 1 g of the carbon fiber. The total amount of the acidic groups less than the 
above described range is disadvantageous because of the decrease tendency of the 
adhesiveness to resin, and the amount concerned larger than the above described 
range is also disadvantageous because of the decrease tendency of the strength of the 
carbon fiber. The amount of the carboxyl group and the amount of the hydroxy group 
"preferably fall within the above described ranges, respectively; the above described 
ranges lead to a result desirable for the compatibility between the strength and the 
adhesiveness to resin. 
[0017] 

Further, from the view point of the balance between the physical properties of the 
surface and the chemical properties of the surface when a composite is formed, Rms, S, 
A, B and C satisfying the following relations are preferable as far as the 
oxygen-containing functional groups are concerned because of the high attainment of " 
strength: 

i) 25 < A < 40, 15 < B <30 and 10 < C <, 30 with the proviso that 2 < Rms (nm) < 20 and 
1 .01 < S < 1 .1 0, namely, the surface wrinkles of the carbon fiber are shallow and scarce 
and the surface irregularities are scarce; 

ii) 15 £ A <; 30, 5 < B <20 and 5 < C < 15 with the proviso that 2 < Rms < 20 and 1.10 < 
S < 1.28 or that 20 < Rms < 35 and 1.01 < S < 1.10, namely, the surface wrinkles of the 
carbon fiber are moderately deep and the surface irregularities are moderate; or 

iii) 0.5 < A < 20, 0 < B < 10 and 0 < C < 10 with the proviso that 20 < Rms < 35 and 1.10 
< S < 1.28, namely, deep wrinkles are abundant on the surface of the carbon fiber and 
the surface irregularities are large. 

[0018] 

By using a carbon fiber the surface configuration of which is physically and 
chemically controlled as described above, the performance of a carbon fiber composite 
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material becomes controllable. The surface configuration of a carbon fiber significantly 
affects the interfacial adhesiveness between the carbon fiber and the matrix resin in a 
carbon fiber composite material, and the magnitude of the interfacial adhesiveness 
varies the balance between the performances such as the bending strength and the 
tensile strength of the carbon finer composite material. In other words, the control of 
the surface configuration allows the carbon fiber composite material to have such 
performance as suitable for the object and application concerned. 
[0019] 

Further, detailed description will be made on a production method of CF of the 
present invention in which the physical surface roughness is controlled, on the basis of 
one example. A production example in which an acrylic precursor produced by wet 
spinning is used will be described. However, the carbon fiber of the present invention 
is not limited to such an acrylonitrile-based precursor, but either a rayon-based 
precursor or a pitch-based precursor can also be used. 
[0020] 

As the polymerization method of an acrylonitrile-based polymer to be used as a 
raw material for an acrylonitrile-based precursor fiber, there can be adopted any of the 
methods well known in the art such as the solution polymerization method and the 
suspension polymerization method. From the polymer thus polymerized, the 
unreacted monomers, the residual polymerization catalyst and other impurities are 
preferably removed as perfectly as possible. The polymerization degree of the 
polymer is preferably such that the limiting viscosity is 1.0 or more and 2.0 or less, 
from the viewpoint of the drawability in the precursor fiber spinning and the performance 
attainment of the carbon fiber and the like. 
[0021] 

Then, a spinning solution is prepared by dissolving the obtained polymer in a 
solvent. As the solvent, there can be used organic solvents such as 
dimethylacetamide, dimethylsulfoxide and dimethylformamide, and aqueous solutions of 
inorganic compounds such as zinc chloride and sodium thiocyanate. However, organic 



Translation of JP-A-2003-73932 



solvents are preferable because no metals are involved in fibers and the steps can be 
simplified. Among the organic solvents, dimethylacetamide is most preferable. 
[0022] 

For the purpose of obtaining a dense coagulated yam when spinning is carried 
out, it is preferable to use a polymer solution having a certain polymer concentration or 
more as the spinning solution; such a polymer concentration is 17% by mass, more 
preferably 19% by mass or more. Usually, the polymer concentration is preferably 
25% by mass or less. 
[0023] 

Aslhe spinning method, the spinning solution is extruded from the nozzle orifices 
each having a circular section into a coagulation bath to form a coagulated yarn. The 
temperature and the concentration of the coagulation bath are appropriately set so that 
the coagulation bath may provide such conditions that allow the sectional shape of the 
coagulated yarn to be substantially circular and the taking-up of the coagulated yam to 
be carried out with sufficient allowance. Being substantially circular means that no 
constriction is found in the section and there is included an ellipse having a ratio of the 
major axis to the minor axis of 1 .2 or less, more preferably 1 .1 or less. When a 
precursor fiber having such a sectional shape is used, the flame retarding and 
carbonization in the firing step are performed uniformly in the direction of the fiber 
section, and thus a higher-performance carbon fiber can be obtained. 
[0024] 

As the coagulation bath, an aqueous solution containing the solvent used in the 
spinning solution is preferably used, and the concentration of the solvent to be 
contained is appropriately regulated. Such concentration is generally varied depending 
on the solvent to be used; for example, when dimethylacetamide is used, the 
concentration thereof is preferably 50 to 80% by mass and more preferably 60 to 75% 
by mass. 
[0025] 

As for the temperature of the coagulation bath, the lower temperature is the more 
preferable; usually the temperature is preferably 50°C or lower; disadvantageously, an 
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excessively lowered temperature tends to decrease the take-up speed of the 
coagulated yarn and the productivity tends to be thereby degraded. From such a 
viewpoint, the temperature of the coagulation bath is more preferably 20°C or higher 
and 40°C or lower. 
[0026] 

The above described coagulated yarn is drawn in air at a magnification of 
preferably 2.0 or less and more preferably 1 .3 or less. The lower limit of the drawing 
magnification in such a drawing in air is 1 .0 or more. For the purpose of regulating the 
indexes of the physical configuration of the surface of the carbon fiber, namely, the 
maximum wrinkle depth h, the root-mean-square surface roughness Rms and the 
surface area ratio S so as to fall respectively within the ranges specified in the present 
invention, the drawing magnification in the drawing in air is preferably set to fall within a 
range of from 1 .0 or more to 2.0 or less. The drawing magnification exceeding 2.0 
disadvantageous^ leads to a tendency that the maximum wrinkle depth as attained by 
converting into a carbon fiber possibly exceeds 100 nm, a tendency that there is 
possibly obtained a carbon fiber in which the ratio of the real surface area to the 
projected area exceeds 1 .28, a tendency that the strength as attained by forming a 
composite is degraded, and the degradation of the through-passing ability in forming the 
composite and fluff is thereby generated to degrade the strength. 
[0027] 

Then wet-heat drawing of the coagulated yarn is carried out while the coagulated 
yarn is washed in boiling water to remove the solvent contained therein. The drawing 
magnification in this drawing is preferably less than 3 and more preferably 2 or less. 
The lower limit of the drawing magnification in such wet-heat drawing is 1.0 or more. 
As the drawing method, it is possible to use a multi-step drawing method involving 2 or 
more steps. The wet-heat drawing magnification of 3 or more disadvantageously leads 
to a tendency that the maximum wrinkle depth as attained by converting into a carbon 
fiber possibly exceeds 100 nm, a tendency that there is possibly obtained a carbon fiber 
in which the ratio of the real surface area to the projected area exceeds 1.28, and a 
tendency that the strength as attained by forming a composite is degraded. 
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[0028] 

Further, it is effective to set the temperature of the drawing bath to be as high as 
possible as long as the mutual bonding of the single fibers does not occur. From this 
viewpoint, the temperature of the drawing bath is preferably set at a high temperature of 
70°C or higher. In the case of a multi-step drawing, the final bath is preferably set at a 
high temperature of 90°C or higher. 
[0029] 

The fiber after drawing and washing is subjected to an oiling agent treatment by 
using a method well known in the art. No particular constraint is imposed on the type 
of the oiling agent,TxJt an aminosilicone-based surfactant is preferably used. 
[0030] 

After the oiling agent treatment, drying and densifying are carried out. As for the 
temperature for the drying and densifying, the drying and densifying are needed to be 
carried out at a temperature exceeding the glass transition temperature of the fiber, but 
the temperature concerned possibly varies from a water-containing state to a dry state, 
and preferred is a method wherein a roller heated to temperatures of from about 100 to 
200°C is used. 
[0031] 

After drying and densifying, a post-drawing is carried out The post-drawing can 
adopt various methods such as a dry heat drawing using a high-temperature heated 
roller, a platen pin or the like and a steam drawing using pressurized steam. The 
drawing magnification is 1.1 or more, and more preferably 2.0 or more. 
[0032] 

Such an acrylic precursor fiber is made to pass through a hot air flame retarding 
furnace set at 220 to 270°C and a flame retarded fiber can thereby obtained. The 
drawing magnification in the post-drawing step is selected so that the predetermined 
drawing magnification may be attained, as a whole, both by the pre-drawing step 
consisting of the drawing in air and the wet-heat drawing carried out before the drying 
and densifying and by the post-drawing step carried out after the drying and densifying. 
Various oxidative atmospheres such as the atmospheres of air, oxygen, nitrogen 
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dioxide and hydrogen chloride can be adopted for the atmosphere in the flame retarding 

step, but the air atmosphere is preferred because of low cost. 

[0033] 

The flame retarded fiber obtained as described above is carbonized in an inert 
atmosphere such as a nitrogen atmosphere. From the viewpoint of attaining the 
strength of the carbon fiber, it is preferable to carry out the carbonization at a 
temperature of 1900°C or lower, and the lower limit is 1000°C and preferably 1200°C. 
[0034] 

Next, description will be made on a method for obtaining a carbon fiber the 
surface state of which is" chemically controlled. The carbon fiber can be enhanced in 
the affinity and the adhesiveness to the matrix resin in a composite material by 
introducing oxygen-containing functional groups into the carbon fiber with the aid of 
application of the electrolytic oxidation treatment to the carbon fiber in an electrolytic 
solution or with the aid of application of an oxidation treatment to the carbon fiber in a 
vapor phase or in a liquid phase. 
[0035] 

Here, description will be only made on the electrolytic oxidation treatment in nitric 
acid because this treatment permits a short time oxidation treatment and an easy 
control of the oxidation treatment. However, the oxidation treatment is not limited to 
the electrolytic oxidation treatment in nitric acid from the viewpoints of the electrolyte 
and the treatment method, but may be carried out by any other method well known in 
the art. 
[0036] 

There can be adopted either an acidic or an alkaline electrolytic solution for the 
electrolytic oxidation treatment. Examples of the electrolyte to be dissolved in an 
acidic electrolytic solution may include inorganic acids such as sulfuric acid and nitric 
acid; organic acids such as acetic acid and butyric acid; and salts such as ammonium 
sulfate, ammonium nitrate and ammonium hydrogen sulfate. Preferably used among 
these are sulfuric acid and nitric acid that exhibit strong acidity. Examples of the 
electrolyte to be dissolved in an alkaline electrolytic solution may include hydroxides 
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such as sodium hydroxide and potassium hydroxide; ammonia; inorganic salts such as 
sodium carbonate and sodium hydrogen carbonate; organic salts such as sodium 
acetate and sodium benzoate; potassium salts, barium salts and other metal salts and 
ammonium salts of these; and organic compounds such as tetraethylammonium 
hydroxide and hydrazine. From the viewpoint of preventing the curing failure of the 
resin, preferably used among these are ammonium carbonate, ammonium hydrogen 
carbonate and tetraalkylammonium hydroxides, which do not contain any alkali metal. 
The concentration of the electrolyte to be used is preferably 1% by mass or more and 
50% by mass or less. For the purpose of controlling the total amount of the acidic 
groups, the amount of the carboxyl group and the amount of the hydroxy group, it is 
possible to arbitrarily use a mixture of two or more of these electrolytic solutions. 
[0037] 

Further, the treatment temperature preferably falls within a range from 15°C to 
80°C because the treatment temperature affects the control of the amount of the 
functional groups. 
[0038] 

The current value and the application time of current in the electrolysis treatment 
vessel, namely, the electric charge to be used also affects the production amount of 
each of the individual functional groups. 
[0039] 

The electric charge to be used can be optimized according to the carbonization 
degree of the carbon fiber and the type and concentration of the salt to be used. From 
the viewpoint of appropriately suppressing the degradation of the crystallinity of the 
surface layer, such electric charge is set to fall within a range preferably from 3 to 500 
coulomb/g and more preferably from 5 to 200 coulomb/g. 
[0040] 

After the electrolytic oxidation treatment, it is desired to wash with water and dry 
the yarn. In drying, when the temperature is too high, the functional groups present on 
the outermost surface of the carbon fiber tend to vanish due to thermal decomposition. 
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Thus, the drying temperature is preferably set to be as low as possible, and the drying is 

desired to be carried out at 200°C or lower. 

[0041] 

By combining, with an ordinary method, a carbon fiber obtained by such a 
method as described above with a matrix, there can be produced a prepreg that is an 
intermediate base material or a composite material that is a final product. No particular 
constraint is imposed on the resin to be used as the matrix. However, examples of the 
resin to be used as the matrix may include epoxy resin, phenolic resin, polyester resin, 
vinyl ester resin, bismaleimide resin, polyimide resin, polycarbonate resin, polyamide 
resin, polypropylene resin and ABS resin. Alternatively, in addition to the above 
described resins, cement, metals, ceramics and the like can also be used for the matrix. 
[0042] 
[Examples] 

Hereinafter, more specific description will be made on the present invention with 
reference to Examples. It is to be noted that individual physical property values were 
measured by the methods described below. In each of the measurements, a plurality 
of samples were evaluated and the average value derived therefrom was adopted. 
[0043] 

It is also to be noted that u % n used for representing a content means M % by 
mass." 
[0044] 

<Wrinkle depth> 

A few single carbon fibers to be evaluated were placed on a hemocover glass. 
The both ends of each single fiber were fixed with a liquid adhesive (for example, 
correcting fluid, which is stationery) to prepare a sample. Measurement was made for 
the sample using an atomic force microscope (SPI3700/SPA-300 manufactured by 
Seiko Instruments, Inc.) and a cantilever, DF-20, made of silicon nitride, in a cyclic 
contact mode. The measurement was conducted for a randomly selected range of 2.5 
urn of each single carbon fiber. The measurement image obtained was subjected to 
two-dimensional Fourier transformation; the low-frequency component corresponding to 
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the curvature of carbon fiber surface, namely, moderate irregularity deformation was 
rejected; and then, inverse transformation was made to remove the irregularities due to 
the curvature of the surface of the carbon fiber. The image obtained by applying 
inverse Fourier transformation to the plane image obtained by applying the above 
described treatment suffers some distortions due to mathematical treatment on the 
upper and lower edges and the right and left edges of the image. Therefore, from the 
central portion of the image, a 2 ^m square of image was taken out, and the depth of 
each of the displayed wrinkles in an arbitrary section was measured. The deepest 
wrinkle of a plurality of wrinkles present on the surface of each of the single carbon fiber 
obtained by the above described measurement method was defined as "the maximum 
depth wrinkle." 
[0045] 

<Root-mean-square surface roughness> 

The original image obtained by the above described method with an atomic force 
microscope was subjected to two-dimensional Fourier transformation; the low-frequency 
component corresponding to the curvature of the surface of the carbon fiber was 
rejected; and then, inverse transformation was made to remove the component 
originated from the curvature of the surface of the carbon fiber and thus the steep 
wrinkle shapes were exclusively displayed. From the image thus obtained, the 
root-mean-square surface roughness was measured with the aid of a software, in a 
cross section mode, adjunct to the apparatus. 
[0046] 

<Ratio of the real surface area to the projected area: Surface area ratio> 
The original image obtained by the above described method with an atomic force 
microscope was subjected to two-dimensional Fourier transformation; the low-frequency 
component corresponding to the curvature of the surface of the carbon fiber was 
rejected; and then, inverse transformation was made to remove the component 
originated from the curvature of the surface of the carbon fiber and thus the steep 
wrinkle shapes were exclusively displayed. From the image thus obtained, the ratio of 
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the real surface area to the projected area, namely, the surface area ratio was 
measured with the aid of a software, in a cross section mode, adjunct to the apparatus. 
[0047] 

<Total amount of the acidic groups, the amount of the carboxyl group and the 
amount of the hydroxy group> 

Three samples of approximately 1 .3 g of carbon fiber were soaked in three types 
of alkaline solutions each in an amount of 80 ml for 24 hours in an atmosphere of 
nitrogen. The supernatant liquid of each of the alkaline solutions was collected and 
filtered with a 5 ^im disc filter. By using 20 ml of the filtrate of each of the alkaline 
solutions, potentiometric titration was carried out with a 10 mmol/l hydrochloric acid. 
The potentiometric titration was carried out with an apparatus, COM-550, manufactured 
by Hiranuma Sangyo Corporation. A blank measurement without using a carbon fiber 
was also carried out at the same time, and a surface functional group amount was 
derived from the following equation. For each evaluation, three measurements were 
carried out and the average value derived therefrom was adopted. 
[0048] 

CF surface functional group amount (n equivalent/g) = {(titer (ml) for a sample - 
titer (ml) for a blank sample) x 10 x alkaline solution concentration (mol/l) xfx 80/20 + 
weight of used carbon fiber (g)} x 1000 
wherein: 

f: Factor for a 0.01 N hydrochloric acid (10 mmol/l hydrochloric acid for volumetric 
analysis manufactured by Kishida Chemical Co., Ltd. was used; 1.00 at 20°C). 

The alkaline solutions to be used and the surface functional group(s) to be 
analyzed are as follows: 

• 10 mmol/l sodium hydroxide -> carboxyl group + carboxyl group derived from lactone 
ring opening + hydroxy group 

• 5 mmol/l sodium carbonate -» carboxyl group + carboxyl group derived from lactone 
ring opening 

• 10 mmol/l sodium hydrogen carbonate -> carboxyl group 
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Accordingly, the total amount of the acidic groups on the surface is derived from the titer 
of sodium hydroxide, and the amount of the carboxyl group is derived from the titer of 
sodium hydrogen carbonate. The amount of the hydroxy group is derived from "the 
surface functional group amount derived from the titer of sodium hydroxide" - "the 
surface functional group amount derived from the titer of sodium carbonate." 
[0049] 

<lnterfacial shear strength> 

The interfacial shear strength as an evaluation of the adhesion strength to resin 
was evaluated by the single fiber embedding (fragmentation) method. For example, a 
specific description is found in "Development and Evaluation Method of Carbon Fiber," 
published by Realize Ltd., pp. 1 57 to 160. Specifically, there was prepared a test piece 
in which a single fiber was embedded in a resin, and an elongation larger than the 
fracture elongation of the fiber was imparted to the test piece. By measuring the length 
of each of the fiber broken in the resin, the interfacial shear strength was derived. 
[0050] 

Critical fiber length (mm) = 4 x average fiber length (mm)/3 
Interfacial shear strength (MPa) = fiber strength (MPa) x fiber diameter (mm)/2 x 
critical fiber length (mm) 

The resin used for preparation of the test piece was obtained by mixing 100 parts 
of "Araldite CY230" with 35 parts of "hardener HY2967", manufactured by Ciba Geigy 
Corp.; casting the mixture into a purpose-built mold, and curing it under the temperature 
conditions of 20°C for 24 hours and 60°C for 6 hours. The tensile test was carried out 
at room temperature. An elongation was imparted to the test specimen within a range 
(an elongation of 7%) in which the test piece was not broken, and then the length of 
each of the broken fibers in the resin was measured with a polarization microscope to 
derive the average fiber length. 
[0051] 

<Strand strength> 

The strand strength was measured according to the method described in JIS 
R-7601. 
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[0052] 

A strand was prepared as follows: "Epicoat 828" (100 parts) manufactured by 
Yuka-Shell Co., Ltd., methyl nadic anhydride (90 parts), dibenzyldimethylamine (2 parts) 
and acetone (50 parts) were mixed together to prepare a resin; this resin having such a 
composition as described above was impregnated into a carbon fiber; and was cured 
under the conditions that curing was made at 50°C for 1 hour, then the temperature was 
increased to 130°C over a period of 1 hour, and then curing was made at 130°C for 2 
hours, to yield a resin-impregnated strand. By using the obtained resin-impregnated 
strand, the resin-impregnated strand tensile strength was obtained according to the 
resin-impregnated strand test method (in conformity" with JIS R 7601). 
[0053] 

Hereinafter, description will be made on Examples and Comparative Examples, 
and various data are summarized in Table 1. 
[0054] 

(Example 1) 

An acrylic copolymer obtained by copolymerizing acrylonitrile (96%), methacrylic 
acicf(1%) and acrylamide (3%) by the suspension polymerization method was dissolved 
in dimethylacetamide to prepare a spinning solution(the polymer concentration: 21%, 
the spinning solution temperature: 60°C). By using a spinneret that had an orifice 
diameter of 0.075 mm and the number of orifices of 3000, the spinning solution was 
extruded into a 67% aqueous solution of dimethylacetamide set at 38°C to yield a 
coagulated yarn. 
[0055] 

The coagulated yarn was subjected to drawing in air and then wet-heat drawing, 
respectively, at the magnifications shown in Table 1 . The magnifications in the 
drawing in air and the wet-heat drawing were both set at 1 .0. In the wet-heat drawing, 
washing and removal of the solvent of the fiber itself were concomitantly carried out, 
and then the fiber was soaked in a 1.0% by mass solution of aminosilicone-based oiling 
agent and dried and densified with a heating roller set at 175°C. 
[0056] 
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Subsequent to the above described drying and densifying step, drawing was 
carried out in pressurized steam to attain a total drawing magnification of 13 to yield an 
acrylonitrile-based precursor fiber having a single fiber fineness of 1.2 dtex and a total 
fineness of 3600 dtex. 
[0057] 

The acrylonitrile-based precursor fiber thus obtained was subjected to a 
treatment of heating in air at 220°C to 260°C in such a way that the density became 
1.35 g/cm 3 with a flame retarding time of 60 minutes and an elongation ratio of -5%, 
and thus converted into a flame retarded fiber. The flame retarded fiber thus obtained 
was finally fired in an atmosphere of nitrogen at 1250°C to yield a carbon fiber bundle. 
[0058] 

Thereafter, the carbon fiber bundle was subjected to an electrolytic oxidation 
treatment with an electric charge of 30 C/g in a 10% nitric acid as electrolytic solution at 
25°C to yield a carbon fiber. The obtained carbon fiber was found to correspond to the 
above described i). The strand strength of this carbon fiber attained a value of 6.5 
GPa, and the interfacial shear strength also attained a sufficient value. 
[0059] 

(Example 2) 

The steps were the same as in Example 1 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 2 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 
i), but the functional group amounts A, B and C deviated from the conditions. The 
interfacial shear strength was not particularly excellent, but the strand strength was 
sufficiently high. 
[0060] 

(Example 3) 

The steps were the same as in Example 1 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 600 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 
i), but as for the functional group amounts A, B and C, the amounts other than C 



- 18 - 



Translation of JP-A-2003-73932 

deviated from the conditions. The interfacial shear strength was not particularly 

excellent, but the strand strength was sufficiently high. 

[0061] 

(Example 4) 

The steps were the same as in Example 1 , inclusive of the electrolytic treatment 
conditions, except that the drawing-in-air magnification was set at 1.3 and the wet-heat 
drawing magnification was set at 2.0. The obtained carbon fiber corresponded to the 
above described ii). The strand strength attained a value of 6.5 GPa and the interfacial 
shear strength attained a sufficient value. 
[0062] 

(Example 5) 

The steps were the same as in Example 4 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 2 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 
ii), but the functional group amounts A, B and C all deviated from the conditions. The 
interfacial shear strength was not particularly excellent, but the strand strength was 
sufficiently high. 
[0063] 

(Comparative Example 1) 

The steps were the same as in Example 4 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 600 C/g. 
The carbon fiber thus obtained did not correspond to any one of the above described i) 
to iii). The strand strength was as inferior as 4.0 GPa. 
[0064] 

(Example 6) 

The steps were the same as in Example 1, inclusive of the electrolytic treatment 
conditions, except that the drawing-in-air magnification was set at 1 .5 and the wet-heat 
drawing magnification was set at 1 . 1 . The obtained carbon fiber corresponded to the 
above described ii). The strand strength attained a value of 6.4 GPa and the interfacial 
shear strength attained a sufficient value. 
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[0065] 

(Example 7) 

The steps were the same as in Example 6 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 2 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 
ii), but the functional group amounts A, B and C all deviated from the conditions. The 
interfacial shear strength was not particularly excellent, but the strand strength was 
sufficiently high. 
[0066] 

(Example 8) 

The steps were the same as in Example 6 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 600 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 

ii) , but as for the functional group amounts A, B and C, only the amount A deviated from 
the condition. The interfacial shear strength was not particularly excellent, but the 
strand strength was sufficiently high. 

[0067] 

(Example 9) 

The steps were the same as in Example 1, inclusive of the electrolytic treatment 
conditions, except that the drawing-in-air magnification was set at 1.5 and the wet-heat 
drawing magnification was set at 1.7. The obtained carbon fiber corresponded to the 
above described iii). The strand strength attained a value of 6.4 GPa and the 
interfacial shear strength attained a sufficient value. 
[0068] 

(Example 10) 

The steps were the same as in Example 9 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 2 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 

iii) , but as for the functional group amounts A, B and C, only the amount A deviated from 
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the condition. The interfacial shear strength was not particularly excellent, but the 

strand strength was sufficiently high. 

[0069] 

(Example 11) 

The steps were the same as in Example 9 until just before the electrolytic 
treatment. In the electrolytic treatment, only the electric charge was altered to 600 C/g. 
The Rms and S of the carbon fiber thus obtained corresponded to the above described 
iii), but as for the functional group amounts A, B and C, the amounts other than the 
amount C deviated from the condition. The interfacial shear strength was not 
particularly excellent, but the strand strength was sufficiently high. 
[0070] 

(Comparative Example 2) 

The steps were the same as in Example 9 until just before the electrolytic 
treatment except that the wet-heat drawing magnification was set at 3.0. In the 
electrolytic treatment, only the electric charge was altered to 600 C/g. The carbon fiber 
thus obtained did not correspond to any one of the above described i) to iii). The 
strand strength and the interfacial shear strength were both inferior. 
[0071] 

(Comparative Example 3) 

The steps were the same as in Example 9, except that the wet-heat drawing 
magnification was set at 3.0. The carbon fiber thus obtained did not correspond to any 
one of the above described i) to iii). The strand strength and the interfacial shear 
strength were both inferior. 
[0072] 
[Table 1] 
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[0073] 

[Advantage of the Invention] 

The carbon fiber of the present invention permits physically and chemically 
controlling the surface of the carbon fiber, and obtaining a carbon fiber excellent in 
attainment of the strength as a composite material. 
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m<D&&&®&T*mRt£mzzn&frb. max 

I»3-500^-D>/g v ?6«:«5-20 0^- 

[0040] mmwtiemoat. ,%***86scf ta»-r 

2 0 0-CKTClB(lrt-*©^m». 

[0041] coj:^^arf#e>^/c^^a^^. & 
z>707u?p, m&m&x&zmGtfmttzct 

trmn, ^'j^fb>fc ABswis&i'^tf 

S. 

[0042] 



(5) #68 2003-73932 
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fc. ^J5E»a»<D«»{C»ur»illi«:ffl>*©¥iS4i 

[0 04 3] *w*©^fs«:ffl^s r%j km 

[0044] >wffl*r^#K»«tt#*%a 
# ? z±ic<Di* % mmzm^m mm*. 

10 IMSm 4 SPI37 0 

0/SPA-3 00) h7-/ FRO 

*>fl/A*-DF - 2 0 <f * y 5r * 

2iimH*©H«*K , 3UiU. ffX©KBBfcoi>T. ^ 
[ 0 0 4 5 ] < aft¥jgjR&3 >±IBC0^ffiCC J: DITP 

cross sectio n-=e- KtCT g^¥^I®ffl$ 

[0046] <&§zwffiic*i?2>m$mm<D&m $m 

T^^f^^CDV 7 F-)x7©c r o s s sectio 

40 n*- b^cxmmm^t^mmmmottmrtiih^ 

[0 04 7 ] <±tmgm. *;u#+i/;uSS. *KS 

a>a»#H»Tr^*a«» i . 3 g ro^ 3 sb© 

7J^'J«8 0ml «C2 4«flB* , r. STJU^yjSS 

6^l/c„ tcD^ft^ihorju* yjB»o%jaiy?«*2 

Omilt^ 1 Ommo 1 / 1 ©ttKte J: flVvi&iM 
£^fo/Co «fl«iS3t«JWgjij|ltt»COM-- 5 5 0 

50 «fjcm\ *a«cj:r)*ffiSI8»«**«)fc. 
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[ o o 4 8 j c Fmmo^mmm usa/g > = 

{ (V->7)UDTmm (m 1 ) -^>*<DjBS« (m 
I ) ) x l 0X7W UjgttaS (mol/l) x f x 

80/20 +&mistc&mimm& <g> ) xiooo 

f : 0. 0 lWSmo?T9$- : (*5/jf<» 10 
mmol/lgi^iW. 2 0X<D<t£l. 0 
0) 

* 1 0 mm o 1/1 *BMfc:M* y$A-»*JtoK*5/JU 

* 5 mm o 1/1 &M^M;»)A— #Jb#*^8+ 
'lOmmol/i J^®*^^ h 'J 

#n>$*isn&mtma&fr f y fAcMBea 
^6*«>eti*. *asat£ r*«ft^ h y $a©sse 

coo49] <inii*Aim>titn£o»moif 

IO^ftJ:9*&&#a£tf5Lfc. «ffl|*r«Kl/fc 

JHHUfc. 
[0 050] 

E^iS&tg (mm) =4X?WH ( mm ) /3 
WM^K^S (MP a) (MP a) xjSH 

(mm)/2xg^H§ (mm) 

uwtfmicm^itmmxc i ba-ge i gy^m 
rr^y^FCY2 30j ti ooa r/w*- 

HY296 7J *:35«©8l£ra£U Ctt£*B£> 

saftccauii*. 2 0x:t2 4HfIB, 6 0'c?6bsb© 
aflgfeffrwtofc. 5iai*ttSH«cTfT&r>fc. a 

[0 05 1] <Xh^>KatS>Xh7>FSSRttJ 1 
S R - 7 6 0 1 BB©*ifet?aBg 0 fc. 
[0 05 2] *F5>K©f¥«tt. MMb>*M>ttH Tx 
t'n-F8 28j ( 1 0 0SP) , tefrSffr+isvirm 
(9 0B) , ^>y;l/y^^7 5> (290 . 7-fe 
h> (5 0g&) ^S^L^^OlHffi^^lUMtccdiK 
8L 5 o "cr i brl 130^1 eia*>wrj»fi«, 

1 3 0'Cr2«flffl©ft#rWkS^ SMBSftX 



(6) «fM2 0 0 3-73 93 2 
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ax h 5> FKKffi ( J I S R 7 6 0 1 tcKK) fc 

[0053] ixFicmmmRvtmMZj&^&iA m* 
[0054] (mmmi) uunGmtcx* rtw- 

Fy^96%, T9VfrT$ F3% 

T&M£b/c7*yjl^m£f*£. ^*;b7-feF7 

10 6 OX!) *3BSUc. C©*fcfyS«£ t ii&0. 07 5 
mm, ?^3 0 0 0©DMm^ ^3 8*C, $g 
6 7«©y^^r-fehT5 F*»«{CttULSIH*4 
Ofc. 

[0055] c©»@*£> ^ i «c^-r<s*rs«it>B 
*«{*«*2«ci. OffiiLfc. C©S»B<*©KL » 

■ex, immvm* • Rimifim>ti* 1. 
5 x<omm d - ^ - cc r K«as{ t u fc. 

20 [0 05 6 ] iuSBl£«lsagftXg«:5l*tS^r. ME* 

msL*px h-zmmmv 1 3ttcc«?« j: *«s*l 

X. **«K#1. 2dtex. F-*;l/J6K#3 6 0 

I o o 5 7 ] c or * y n - h y ;i^iMft»£iB& 

ibPSIffl6 0#. »B*-5«rS«l. 3 5g/cm J 
£ 3 J: 5 2 2 0 X- 2 6 0 XTCMWfcH** 

[0058] com, \o%mmzntmtb2 5vx 
30 m^m3 Qc/gxmmmmm&7i\ mmmzm 

/Co »6ti/cKS3»««8iil2i ) CtS3T£k©r&o 
fc. CO^h7>K*fi«6. 5GPa3ftS»6ti. 

[0 05 9 ] (XttM 2 ) WK&W&ifi* xmm 1 <!: 

m&oxmx&z. mffimmi*. «aa©*2c/g«: 

^A/c 0 &ftfcK*««©Rm s i S^milB i ) CC^ 

40 [0060] (njffiw 3 ) mmzmmm & xmmm i <t 
naoxg-c&a. m^ao^6ooc/ 

g{Cg!x./c 0 ll6ti/c^»Rra s i S«fiH2 i ) 
ttC*l»*ftft3&>6«.4iri^. JWH^BfraK{:i:«F«: 

[0 06 1 ] (H*fe«4 ) ^*Bf*(S*?r 1 . fSS 
0*a^i{#f^^2. OfSCCO/cJgW, ^MSi;f*^> 

*»ntt«ii tmcx$>6. xttcfcmm&ffi.vi 

50 i) CCKS-rSfe<DX'*o/c. Xh7>K?MW6. 5 
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[oo6 2] (mmws) mm^mmmtvmmmA t 
H«©xgr*a. nmfmits w&wd&zc/su: 
$zz.tc 0 nt>ntcfcmtm<DRm s t s\mm i t > cc 
mm?2>b<Dv&z>&. w#&ssa, b. ck-xvci* 

mm<DJMv h mimofr 6 o o c 

/sfc^A/Co f#^>n/c^lR»«l{*B«^ i ) - i i i ) 

[0064] (|Stt0f6) a««Ji»flS**l. 5{g& 

i ) «Ctt3-r*fe©r*ofe. Xh7>FMtt6. 4 
[0 06 5] (K3&0J7) m«Ktt*?2g|fc0f6& 
^Afc. f#6n/cK*atft<DRms<bSttifiSi i) «C 

tt3-r&«>©r*&j&s> bibs* a. b. cccoc»rii 

[0066] (mmms) mmmmmmtv^mmet 
0«©x«t**. mmmmz. «««©*6ooc/ 

gfcSM.fc. ^6n/c|^8l^c7>Rms<hS«Haiai 
i) «Ctt^T«fe©r*S^ W^SSA, B. CCC^> 

«S««FCcfitifc*><Drtt^^o/c^, x h^> f&S 
[0 06 7 ] (MIM0) 9ft4«MHff*l. 5fg& 



(7) tlPg 2 0 0 3 - 7 3 9 3 2 
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i) «ctt3TS«>©r*o/c. ^h7>F»6. 4 

[0068] mmw i o ) mniraiUKr<TiiikN9 

CC^x/c 0 ^e>n/c^Mtcr>RmsiS«lulBi i 
i) Wf&gSA, B, CCCO 

[0 069] (jemm 1 1 ) mnswrnt rxiwi9 
iBiacoxgr^s. m^MSti, n$m<D?>6 ooc 

i i ) {C&iST&fc^r**^ t&SgSA, B . CtC 
[0 07 0] (J:t»«l2) SIRgffl<S**3. 0«CCO 

20 wa^k ^»teaai*"C6i^ft«9iBi;tr*-6. mm 
ttm\zm& i ) - i i i ) ©i^rnccfcKsutti^© 

[0 07 D ( tt«w 3 ) mmwt&m* 3 . 0 l 

i ) - i i i ) ©c»rtitt:fc»^otti»*>©r*o3ifc. 
fc. 

30 [0 07 2] 
[«1] 
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